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Introduction 

Many industrial and medical applications use instrumentation 
amplifiers ONAs) to condition small signals in the presence of 
largo common-mode voltages and DC potentials Standard 
INAs using a unity-gain difference amplifier in the output 
stage, however, can limit the input commonmode 
range significantly. Thus, commonmode signals induced 
by adjacent equipment, as well as large differential DC 
potentials from differently located signal sources, can 
increase the input voltage of the INA, causing its input stage 
to saturate. Saturation causes the INA output voltage, 
although of wrong value, to appear normal to the following 
processing circuitry. I his could lead to disastrous effects with 
unpredictable consequences. 

This article reviews some principles of the classic three- 
op-amp INA and provides design hints thai extend the input 
commonmode range to avoid saturation while preserving 
overall gain at maximum value. The article also discusses the 
removal of large differential DC voltages through active 
filtering, avoiding passive RC filters at the INA input that 
otherwise would lower its common mode rejection ratio 
(CMRR). 

INA principles 

Figure 1 shows the block diagram of the classic three-opamp 
INA. The inputs, V, rj4 andV w , are defined through the input 
polarities of the difference amplifier, A3. 
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Figure 1 Classic three op amp INA and its voltage nodes 
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By definition, the INA's input signals are subdivided into a 
common-mode voltage, V CM , and a differential voltage, V D . 
While V CM . the voltage common to both inputs, is defined as 
the average of the sum of V m „ and V lpj _, V D represents the net 
difference between the two. 
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and V D = V m+ - V, N _. 



Solving both equations for V mt or V (h> _ and equating the 
received terms results in a new set of equations, which, whon 
solved for either input voltage, yields 
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In the nonsaturated mode, the op amp action of A1 and 

A2 applies the differential voltage V D across the gain resistor, 

R Cl . generating the input current. !„: 



+ V uN- „ Au 



Rrj 



The output voltages of Al and A2 are therefore 
V, = M: M -^-I ( ,R F and % m V CM +^ + I„R K . 

Replacing current I u wit h Equation 3 yields 



whirtv i'n = 1 + 2 
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Equation * shows that only the differential component, 
Vu'7. is amplified by the mpul gain, G,, while the 
commonmode voltage, V CM , passes the input stage with 
unity gain. The difference amplifier, A3, subtracts V, from 
V z and amplifies the difference with the gain G,; 



f5) v o = ( v a- v i)°2. where G 2' 



Inserting Equation 4 into Equation 5 and solving for VgA^ 
provides the transfer function of the INA: 



^• = G 1 G 2 =G TOT 



for V :h . Standard INAs, using unity-gain difference amplifiers, 
have R 2 = R, and G 2 = 1 

The total INA gain is then placed into the input stage, making 
G, ■ G TOT . Equation 6 shows that reducing G, from G TCT 
to G,' , while preserving G TOT , requires an increase in 
difference amplifier gain from G 2 = 1 to Gj = Gror/G,'. 
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Extending the input common-mode voltage 
range 

Note thai V, and V 2 in Equation i do not represent absolute 
voltages. Because V cw and V can change their polarities, the 
maximum voltage either output can assume nefore reach- 
ing saturation is 



t|v,. 2 |= ±(|V M | + pfe|j 



S ± V 



SAT I 



For clarification, the following description simply ignores 
signal polarities, and the variables refer only to magnitude 
values. Assuming that V u and Vr/2 are constant, the only 
way to increase the input common-mode voltage from V CM 
to V CM ' is to reduce the input gain from G, to G,' so that 



■ constant = \ ! cti + -— 



Solving for V rM ' yipltis 
V 



V CM =V.M- 



Reducing G, reduces the range of the amplified differentiel 
component. G,' (Vr>/2), thus providing an expansion range 



Replacing G, with G roi and G,' with G Ta i/G 2 ' results in 
the extended common-mode range: 

This improved common mode range at the amplifier output 
is now passed on 1:1 to the input. Applying gain to the 
difference amplifier requites access to the feedback resistor 
of A3 in Figure 2. A common solution uses I stand alone 
difference amplifier, which provides access to the feedback 
resistor via a V st -,,. : pin. The input stage is then realized by 
a dual low-noise amplifier, with external resistors R F and 
R G being used to set the input gain. 



resistors 
tie internal 
deviate by 
datasheet. 
For largo 
prohibitive 
A buffered 
required. 



To raise the gain of a uinty-gain amplifier, 
can be switched in series to R 2 . However, tl 
resistor values must be measured, as they can 
±30% from their nominal values given in the 
This approach works wgII for moderate gain 
gain, however, the external resistors can reach 
values, increasing noise to an undesirable lovel 
voltage divider in tne feedback path of A3 is then 



Resistors R 3 and H t allow a wide range of gain settings 
with moderate resistor values. Voltage follower A4 provides 
low output impedance, which preserves the high CMRR of 
the difference amplifier. 

To read thisarticle in its entirety, go to: www.ti.com/aaj 




Figure 2. Increasing difference amplifier gain via 
REXT or buffered voltage divider 



For more information: 

Using key word search, download datasheets and other 

literature at: 

http://www.ti.corn 
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BIAS RESISTOR 
1-Cai V1SHAY TECHNOLOGY 
CRHV2512AF1C07G 
OR EQUIVALENT 

I In this classic nverting-charge amplifier, variations in 
cable capacitance-thai is, length-do not aftect the signal gain. 
Use this crcuit when the acceterometer is remote from the ampli- 
fier and the cable length is unspecified. Drawbacks are that the 
low-valued feedback capacitei sets the gain, and the bias resistor 
working into the same feedback capacitor determines the low-fre- 
quency performance. 



The circuit ui Figure 1 i amqww Bei tuoface-fcafance nulling 

techniques JTo follow the i •perati'Vi. assume that all the switch 
es are open and then close S, and S,. thereby engaging ultra 
precision integrating amplifier A, and forcing A,'s output to 
ground. A,'s input ofrset appears at its positive input, and C, 
stores 101 times this offset. Opening S, allows A, to function 
nOHBally again, but with 1 mV of effective offset and approxi- 
mately 1 mV/sec of drift. Now, opening S, puts feedback resis- 
tor R, in the circuit and causes an output voltage equal to 
Ij^xR, — typically, 1 mV. Closing S 4 and S. nulls A,'s output 
again, but this time through A y A,'s bias current now goes 
through R,, and C, stores it as a voltage at 60 mV/pA Open- 
ing S 4 ends the nulling phase. 

CI. sing S, connects the input drive — the resistor under test — 
and a voltage source. Although the amplifier is now nearly per- 
fect, it doesn't remain so tor long Drift on capacitors and 
C, requires a new nulling phase within several seconds Other- 
wise, the amplifier's specifications may degrade beyond those 
of an unaided LTC6241 Figure 2 shows a simpler method 
Rather than trying to perfect the amplifier, this circuit instead 
chops the excitation to allow subtraction of the amplifier con- 
tribute ms. Also, the resistor under test is now in the feedback 
path, so the output is proportional to the resistor's resistance 
rather than its admittance. Rise time is 10 msec ( 10 to 90%) 
with a 1-GS1 resistor, so the excitation should be no taster than 
■hoot 10 H: to ensure adequate settling. 

PROTECTING A HIGH-IMPEDANCE CIRCUIT 

How can you protect a high-Z circuit without affecting its 
input impedance: Strictly spcakmg, you can't, but you can come 
close. One of the best ways is to use a series resistor and some 
series inductance, even if it's just a length of trace. The induc- 
tance and parasitic elements spread out an ESD (electrostatic 
discharge) pulse and improve the odds that it will jump to a 
chassis before it gets to anythir^ sensitive. You can furrher 
improve those odds by uitroducmg a spark gap in the layout near 
the connector pin to be struck This approach is cheap and effec- 
tive, but it can cause problems m higher density digital designs 
The spark gap re -emits a strong EMI (electromagnetic-inter- 
ference) wave, including some eerie blue. This phenomenon 
repeatedly crashed an onboard but distant 44*6 microprocessor, 
fortunately without harming the hardware. The protection you 
require depends on the level of immunity vou specify for the 
design. In this case, the spark gap is a failure, because design- 
ers did not allow tor rC-reset interventions. For wll f designs 
or simple digital designs, spark gaps should not be a problem 
Clas discharge tubes, which are also available as components, 
are other alternatives. 

Almost anything you do with diode clamps can cause leak- 
age. Schortky diodes are probably out of the question because 
they tend to leak more. Ultralow-leakage diodes include rhe 
CMrP6001 series from Central Semiconductor (www central 
semi.com) and the BAS416 tr< <m Philips But the maximum 
leakage spec ification. even when devices are cold, is 500 pA to 
5 nA The high-temperature specifications are even worse, often 
running into microamps For the lowest leakage performance, 
JFET junctions still outperform diodes The 2N4W. available 
from Vishay in m SO 1-2 3 package, typically leaks 5 pA at tcom 
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Ficiuie 5 This noninverting-charge amplifier offers two advan- 
tages: You can connect stages in parallel to reduce voltage 
noise, and the bias resistor works into highe' capacitance for 
better low-frequency response. 



temperature and ) nA at 100'C (Figure 3 ) Compare this leak- 
aye with the maximum-specified bias current of 75 pA at 70 : C 
tor the LTC624 1 Adding even good diodes can cause a signif- 
icant degradation. Some design work can help offset this prob- 
lem, however For example, consider the tracking-limiter cir- 
cuit I Figure 3) A, back-biases the diodes, and C, stores the 
average dc voltage. Tlx- system shunts overvoltages and spikes 
to the reservoir capacitor Kit allows dc through with unity- gain, 
protecting the inputs and improving input-overload- recovery 
time For dc gain, simply short C, and move the input from A, 
to A,'s inverting input; inverting circuits are easier to protect, 
because you can simply connect the diodes to ground. 

HOW HIGHER Z HELPS 

Figures 4 and 5 show two approaches to amplifying signals 
from a capacitive sensor The sensor in both cases is a 7 70 -pF 
piezoelectric shock-sensor accelerometer, which generates 
charge under physical acceleration Figure 4 shows the clas- 
sic charge-amplifier approach The op amp is in the inverting 
i.. 'lYtigurati' II. s i the sens , ( U . v >ks into a virtual gri »und The 
op-amp action forces all of the charge the sensor generates 
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across the feedback capacitor. Brfamtr die feedback 
capacitance is 0.01 times the sensor capacitance, 
the voltage across the feeJhack capacitor is 100 
times w hat-would have been the sens, •('•> open -cir- 
cuit voltage So. the circuit gain is 100. The ben- 
efit ot this approach is that the circuit's signal gain 
is independent of anv cable capacitance between 
the sensor and the amplifier Hence, designers favor 
this circuit tor remote acceleronieters whose cable 
length may van'. Difficulties with the circuit are inaccuracy of 
the gain setting with the small capacitor and low frequency cut- 
oft because the bias resistor works into the small feedback 
capacitor. 

Figure 5 shows a nonmverting-amplitier appr. >ach This ap- 
proach has many advantages. First, resistors, rather than a small 
capacitor, accurately set the gain. Second, the low-treqiiencv 
response improves because the bias resistor working into the large 
770-pF sensor, rather than into a small feedback capacitor, dic- 
tates the cutoff frequency. Thud, you can sum and make paral- 
lel the noninvertmg topology for scalable reductions in voltage 
noise. This circuit's only drawback is that the parasitic capaci- 
tance at the input slightly reduces the gain This circuit is a good 
fit for applications in which parasitic input capacitances, such 
as traces and cables, are relatively small and invariant 

When you calculate the bias resistance tor the desired low- 
firequency cutoff, consider that you may want to make the bias 
resistor's value still larger. Doing so reduces the noise floor at 
low frequencies. For example, it* you want to support frequen- 
cies as low as 10 H: at — 5 dP. the bias resistor works .mt to 
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1/2-irx 10 H:x770pF=20M<! At 10 H:. the 20 
Mil resistor contributes SisO nV7\ TT£ of noise, 
which is 5 dP down, just like the signal It vou make 
the resistor value 1 GO, the accelerometer capac- 
itance effectively attenuates the resistor's 4000- 
n\7\ TTi noise to SO nV.'\ FT:, but the signal is 
barely attenuated. Sometimes, impedance higher 
than that normally required actually helps. 
Devices and materials arc available to »«ppon 
and protect high impedances Dealing with high impedance 
requires a knowledge of what are otherwise minuscule phe- 
nomena Sometimes, quanti:ation of phenomena such as cur- 
rent noise can be challenging, but with the right circuit tech- 
niques, measurements become meaningful and repeatable. A 
pr. >per breakdown of error sources, such as leakage, settling time, 
voltage noise, and current noise, helps the circuit designer to 
know whit to expect.HJN 
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